Induced pluripotent cell-derived motoneurons (iPSCMNs) are sought for use in cell replacement therapies and treatment strategies for motoneuron diseases such as amyotrophic lateral sclerosis (ALS). However, much remains unknown about the physiological properties of iPSCMNs and how they compare with endogenous spinal motoneurons or embryonic stem cell-derived motoneurons (ESCMNs). In the present study, we first used a proteomic approach and compared protein expression profiles between iPSCMNs and ESCMNs to show that Ͻ4% of the proteins identified were differentially regulated. Like ESCs, we found that mouse iPSCs treated with retinoic acid and a smoothened agonist differentiated into motoneurons expressing the LIM homeodomain protein Lhx3. When transplanted into the neural tube of developing chick embryos, iPSCMNs selectively targeted muscles normally innervated by Lhx3 motoneurons. In vitro studies showed that iPSCMNs form anatomically mature and functional neuromuscular junctions (NMJs) when cocultured with chick myofibers for several weeks. Electrophysiologically, iPSCMNs developed passive membrane and firing characteristic typical of postnatal motoneurons after several weeks in culture. Finally, iPSCMNs grafted into transected mouse tibial nerve projected axons to denervated gastrocnemius muscle fibers, where they formed functional NMJs, restored contractile force. and attenuated denervation atrophy. Together, iPSCMNs possess many of the same cellular and physiological characteristics as ESCMNs and endogenous spinal motoneurons. These results further justify using iPSCMNs as a source of motoneurons for cell replacement therapies and to study motoneuron diseases such as ALS.
Introduction
Induced pluripotent stem cell-derived motoneurons (iPSCMNs) are being explored as a means to study motoneuron diseases and to develop therapeutics to treat amyotrophic lateral sclerosis (ALS; Dimos et al., 2008; Bilican et al., 2012; Burkhardt et al., 2013; and spinal muscular atrophy (Corti et al., 2012) . Preclinical studies are proceeding using iPSCMNs harboring genetic mutations causing ALS to screen for small molecules promoting motoneuron survival and function (Egawa et al., 2012; Yang et al., 2013) . Although it is hopeful that this approach will yield novel findings, its success is highly dependent on the supposition that iPSCMNs possess the same cellular and physiological traits as their endogenous counterparts. This assumption, however, has not been examined rigorously.
Embryonic stem cell-derived motoneurons (ESCMNs), on the other hand, have been shown to be remarkably similar to their endogenous counterparts (Chipman et al., 2012; reviewed by Ló pez-González and Velasco, 2012) . ESCMNs develop mature electrophysiological firing properties and acquire the same passive membrane properties as spinal motoneurons (Miles et al., 2004) . ESCMNs project axons to muscles lining the vertebral column when transplanted into the neural tube of chick embryos because they express the LIM homeodomain factor conferring medial motor column identity (Wichterle et al., 2002; Soundararajan et al., Soundararajan et al., 2007; Soundararajan et al., 2010) . ESCMNs form functional and remarkably mature neuro-muscular junctions (NMJs) when cocultured with muscle fibers for several weeks (Chipman et al., 2014) . Finally, ESCMNs restore contractile force to denervated muscles by forming functional NMJs with denervated myofibers when transplanted into the distal stump of a transected peripheral nerve (Yohn et al., 2008) in a manner analogous to embryonic motoneurons (Thomas et al., 2000) . Therefore, ESCMNs develop the same cellular, behavioral, and physiological characteristics as their endogenous counterparts and they are the same traits desired for iPSCMNs.
In this study, we compared mouse iPSCMNs with mouse ESCMNs to determine whether they possess the same develop- Figure 1 . Proteomic analysis of iPSCMNs and ESCMNs. A, Proteins identified in the proteomic screen from the ESCMNs and iPSCMNs were assigned a GO term using Panther classification (http://www.pantherdb.org/). The percentages of proteins matching to a GO term from either the ESCMNs or iPSCMNs were then plotted. B, The numbers of proteins identified that mapped to a defined GO term from either the ESCMNs (red) or iPSCMNs (green) or both (yellow) were compared. C, Volcano plot of all data, consisting of 3025 unique, low-variability peptides. Each data point represents a protein identified by mass spectrometry. The natural log of the ratio of expression in iPSCMNs divided by the expression in ESCMNs is plotted against the p-value. mental and physiological characteristics. We began by comparing global protein expression profiles between iPSCMNs and ESCMNs and found that Ͻ4% of the proteins were differentially regulated. These results indicate that iPSCMNs and ESCMNs are similar at the level of protein expression. We then went on to compare iPSCMNs systematically with known traits of ESCMNs and found that they were also very similar with respect to axon targeting, the development of passive and active firing properties, and their ability to form anatomically mature and functional NMJs with cocultured muscle fibers. Finally, iPSCMNs restored contractile force to denervated muscles to the same extent as ESCMNs when transplanted into transected peripheral nerves of mice. These findings support the hypothesis that iPSCMNs form functional motoneurons that are remarkably similar to both ESCMNs and endogenous motoneurons. These traits further validate their use for studying motoneuron diseases and for developing therapeutics aimed to treat them.
Materials and Methods
Culturing of iPSCs. Isolated mouse iPSC colonies (and ESC colonies for experiments using ESCMNs) containing enhanced green fluorescent protein (eGFP) under the Hb9 promoter were differentiated into motoneurons (iPSCMNs) as described previously for mouse HBG3 ESCs (Wichterle et al., 2002; Miles et al., 2004; Soundararajan et al., 2006; Chipman et al., 2014) . For the proteomic analysis, eGFP ϩ motoneurons derived from iPSCs were compared with eGFP ϩ motoneurons derived from the mouse HBG3 ESC line (Wichterle et al., 2002) using the same differentiation protocol.
Culturing iPSCMNs and immunocytochemistry. iPSCMNs were dissociated using TrypLE (Invitrogen) and plated on Matrigel (BD Biosciences)-coated coverslips (ϳ350,000 cells/coverslip) and grown for 24 -48 h in DFK10 and fixed for ϳ20 min in 3.7% formaldehyde. Cells were then immunostained for both Lhx1 [mouse monoclonal, 1:2, supernatant; Developmental Studies Hybridoma Bank (DSHB)] and Lhx3 (mouse monoclonal, 1:5, supernatant, DSHB) expression. Cells were incubated in primary antibody with 0.3% Triton X/PBS solution and goat serum for 1 h. Cells then underwent a 1 h incubation with the following secondary antibodies in 0.3% Triton X/PBS solution: goat antimouse Cy3 (Jackson Immunoresearch Laboratories, 1:500) and goat anti-rabbit Alexa Fluor 488 (Invitrogen, 1:500) for 1 h at room temperature. For cell counts, all Lhx3 ϩ /GFP ϩ or Lhx1 ϩ /GFP ϩ cells in 4 fields of view per coverslip (at 20ϫ) were counted. Total cell numbers were as follows for 3 experiments: Lhx3 ϩ /GFP ϩ cells ϭ 844, Lhx1 ϩ /GFP ϩ cells ϭ 1008 with mean cell counts of 281.3 Ϯ 131.9 (Lhx3 ϩ /GFP ϩ , mean Ϯ 1 SD), and 336 Ϯ 63.6 (Lhx1 ϩ /GFP ϩ ). Images were acquired on a laser scanning confocal microscope (Zeiss LSM 510) and contrast and brightness adjustments were made on Adobe Photoshop CS5 software.
Proteomic analysis of iPSCMNs and ESCMNs. After fluorescentactivated cell sorting to purify the eGFP ϩ iPSCMNs and ESCMNs, cells were stored at Ϫ80°C until processed. Samples were thawed and diluted in 500 l of 50 mM TEAB, pH 8 (Sigma T7408) with protease inhibitor (Set III Calbiochem 539134). Cells were lysed cells by probe sonication, 3 ϫ 5 s cycles at power setting 1 (Fisher sonic dismembrator model 100). An aliquot containing 50 g of protein from each sample was diluted to a final volume of 600 l in 50 mM TEAB containing 0.1% Rapigest surfactant (Waters 186001861) samples sonicated a further 3 ϫ 5 s cycles to ensure dissolution. Samples were reduced with 5 mM DTT (Sigma D9163) at 60°C for 30 min, alkylated with 15 mM iodoacetamide (Sigma I6125) for 30 min at room temp, and then digested with trypsin (Promega V5113) at a 50:1 protein to trypsin ratio overnight at 37°C. Resulting peptides acidified to pHϽ3 with TFA (Sigma 299537), filtered through 0.45 m filter to remove hydrolyzed Rapigest detergent, and desalted using SPE cartridges (Waters HLB 186000383). Samples resuspended in 50 l water with 3% acetonitrile 0.1% formic acid. Each sample was injected 6 times in random order using 1 l injection volume. Chromatographic separations were conducted using a Dionex Ultimate 3000RSLCnano system equipped with a 15 cm ϫ 100 m Onyx monolithic C18 column (Phenomenex CHO-7646). The separation was performed using the following gradient (A: 0.1% formic acid in water, B: Mass spectra were acquired on a Thermo Orbitrap Velos Pro using Xcalibur software. Data were acquired using data-directed analysis in which the m/z values of tryptic peptides were measured using an MS scan in FT-MS mode followed by MS/MS scans of the 10 most intense peaks using IT-MS mode.
Data analysis was conducted using Proteome Discoverer for protein identification and Sieve for chromatographic alignment, normalization, and peak integration. Data were then extracted from the Sieve sdb database files using a series of custom scritpts written in R. Protein ontologies were assigned using gene list analysis tools in PANTHER (www.pantherdb.org).
In ovo transplantation of iPSCMNs and immunohistochemistry. Transplants were grafted into male and female chick embryos as described previously (Soundararajan et al., 2006) in accordance with the guidelines of the Canadian Council on Animal Care and the Dalhousie University Committee on Laboratory Animals.
For immunohistochemical analyses, the following primary antibodies were used: rabbit anti-GFP (Millipore Bioscience Research Reagents, 1:1000), mouse anti-Tuj1 (Covance, 1:1000). Slides were incubated with primary antibodies in a solution of 0.3% Triton X/PBS with goat serum overnight. Slides were incubated with the following secondary antibodies in 0.3% Triton X/PBS solution: goat anti-mouse Cy3 (Jackson Immunoresearch Laboratories, 1:500) and goat anti-rabbit Alexa Fluor 488 (Invitrogen, 1:500) for 1 h at room temperature. Images were captured with a digital camera (C4742; Hamamatsu Photonics) in conjunction with digital imaging acquisition software (IPLab; Version 4.0; BD Biosciences).
Analyses of axonal projections from the chick spinal cord were performed as follows: using Neurolucida projections from three separate embryos, the width of a line drawn across the eGFP ϩ fascicle projecting dorsally toward the epaxial muscles was compared with the width drawn across eEGFP ϩ fascicles projecting ventrally toward the limb. The crosssectional areas of the fascicles were then calculated (assuming a circular area, r 2 ) and relative sizes compared. iPSCMN/myofiber cocultures and immunocytochemistry. For generating myofibers, the medial head of the adductor superficialis muscles of Hamburger Hamilton (HH) St. 36 chicks were isolated and plated on 13 mm sterile thermanox plastic coverslips (Nunc) in 24-well plates as described previously before addition of iPSCMNs (Chipman et al., 2014) . For immunohistochemical analysis of the cocultures, cells were incubated in a solution containing rabbit anti-GFP IgG (Millipore Bioscience Research Reagents, 1:2000), mouse anti-SV2 (1:50, DSHB) primary antibodies and goat serum for ϳ1 h. Cells were then washed in PBS multiple times for 30 minutes before incubating in goat anti-rabbit Alexa Fluor 488 (Invitrogen, 1:500), goat anti-mouse Alex Fluor 647 (Invitrogen, 1:500), and tetramethylrhodamine-conjugated (TMR) ␣-bungarotoxin (btx; Invitrogen, 1:500). All antibodies were in a 0.3% Triton X/PBS solution. Images were acquired on a laser scanning confocal microscope (Zeiss LSM 510 or 710) or with a digital camera (C4742; Hamamatsu Photonics). Intensity of SV2 immunoreactivity and acetylcholine receptor area (based on TMR ␣-btx labeling) were quantified using IPLab software (version 4.0; BD Biosciences). For each measurement of intensity of SV2 immunoreactivity, background intensity was subtracted from the signal. Orthogonal images were rendered and edited with LSM imaging software (Zeiss) and further contrast and brightness adjustments were performed on Adobe Photoshop version CS5.
FM4-64FX dye loading and imaging. To assess vesicular cycling at NMJs, cocultures were incubated with 5 M FM4-64FX (hereafter referred to as FM4-64) and motor terminals of iPSCMNs were loaded by electrical stimulation. Experiments were then conducted as described previously (Chipman et al., 2014) .
Intracellular recordings of iPSCMN-chick myofiber cocultures. Sharp electrode recording techniques were used to assess synaptic function at 12-to 27-d-old cocultured NMJs as described previously (Miles et al., 2004; Soundararajan et al., 2007; Chipman et al., 2014) . All cells recorded from had resting membrane potentials that varied from ϳϪ25 to Ϫ65 mV, values that were similar to those previously reported for postsynaptic membrane potentials of in vitro rat spinal cord-myotube coculture (Robbins and Yonezawa, 1971) .
Whole-cell patch-clamp recordings of iPSCMNs. iPSCMNs on Matrigelcoated coverslips were continuously perfused in a recording chamber with oxygenated (95% O 2 ϩ 5% CO 2 ) Ringer's solution containing the following (in mM): 111 NaCl, 3.08 KCl, 11 glucose, 25 NaHCO 3 , 1.25 MgSO 4 , 2.52 CaCl 2 , and 1.18 mM KH 2 PO 4 , pH 7.4, at room temperature for ϳ20 minutes before recording to allow the cells to adjust to recording conditions. Perfusion continued throughout the recordings, in which a DAGE-MTI IR-1000 CCD camera connected to an Olympus BX51WI microscope was used to visualize eGFP ϩ iPSCMNs. Recordings were made in current-clamp mode using a MultiClamp 700B amplifier (Molecular Devices). A Digidata 1400A board (Molecular Devices) controlled by pCLAMP10.3 (Molecular Devices) was used to filter analog signals at 10 kHz. Recording solution containing the following (in mM): 128 K-gluconate, 4 NaCl, 0.0001 CaCl 2 , 10 HEPES, 1 glucose, 5 Mg-ATP, 0.3 GTP-Li, pH 7.2, was loaded into patch-clamp recording pipettes with a resistance of 4 -7 M⍀. Next, 0.4 mg/ml lucifer yellow dilithium salt (Sigma-Aldrich) was added to the pipette solution before recording to allow visualization of recorded iPSCMNs. To ensure similar measuring conditions, all cells were held at Ϫ60 mV with a tonic DC current. Data were obtained by Clampex 10.3 (Molecular Devices) and analyzed by AxoScope 10.2 (Molecular Devices) software. Input resistance and capacitance of iPSCMNs were calculated by measuring response to repetitive, small negative steps of Ϫ10 mV for 100 ms. For investigating firing properties of iPSCMNs, 1 s pulses of depolarizing current were delivered in increments of 5, 10, or 20 pA. Data were analyzed and statistics were generated with SigmaPlot 11 software (Systat Software). iPSCMN implantation and force recording. All procedures performed were approved by the Dalhousie Animal Care Committee and complied with the Canadian Council of Animal Care. All surgeries were performed on male mice. The surgical technique used in this study has been described previously (Yohn et al., 2008) . Immunohistochemistry performed on sections of nerve and muscle was conducted as described above for chick sections (1°antibodies used: TMR ␣-btx; Invitrogen), rabbit anti-GFP (Millipore Bioscience Research Reagents). Feret's diameter of MG muscles and muscle fibers was measured using ImageJ software.
Statistical analyses. All statistics were performed using SigmaPlot 11 Software (Systat). Values are cited as mean Ϯ 1 SD. All tests used are described in the text.
Results

Protein expression is comparable between iPSCMNs and ESCMNs
Throughout this study, we used a mouse iPSC line derived from transgenic mice (B6.Cg-Tg(Hlxb9-EGFP)1Tmj/J) expressing eGFP under the direction of the motoneuron-specific promoter Hb9 (Arber et al., 1999; Wichterle et al., 2002) . Approximately 20% (mean: 21.3% Ϯ 3.09) of the cells from this iPSC line differentiated into GFP ϩ motoneurons when treated with retinoic acid (RA) and a smoothened agonist (SAG). This is not significantly ( p ϭ 0.162, n ϭ 3) different from the percentage of motoneurons derived from mouse HBG3 ESCs using the same differentiation protocol (mean: 17.5% Ϯ 2.29). Therefore, the propensity for mouse iPSCs and ESCs to differentiate into motoneurons when treated with RA and SAG is the same.
To determine whether there are differences between motoneurons derived from HBG3 ESCs (ESCMNs) and iPSC-derived motoneurons (iPSCMNs), we first undertook an unbiased proteomic approach and compared protein expression profiles between iPSCMNs and ESCMNs. Here, ESCMNs and iPSCMNs were sorted by fluorescence-activated cell sorting after differentiation before proteomic analysis. After trypsin digestion of the proteins, we performed a label-free, LC-MS/MS analysis of the resulting peptides to compare expression profiles, as described in the Materials and Methods section. Quantification was perfomed using peptide peak areas and peptides with good precision (relative SD Ͻ30%) were retained. These peptides were then filtered to eliminate peptides that match to multiple proteins. The unique peptides were then averaged to give overall expression levels for 3025 proteins. We next imported the dataset into Panther (www. pantherdb.org) to annote known gene ontology (GO) terms to determine whether there were overall differences in the types of proteins identified in our screen. More than half (1531) of the proteins in the dataset matched a GO term. The half that did not match were likely unstudied proteins with no known function. When the 1531 proteins were grouped into each GO term, we found that the number (shown as a percentage) of proteins within each group was identical (Fig. 1A) . This indicates that the types of proteins identified by the screen were very similar in the two cell types. Further analysis showed that ESCMNs and iPSCMNs express the same proteins of each GO term except for the general binding category (Fig. 1B) , in which Ͼ500 general binding proteins were the same in ESCMNs and iPSCMNs: 93 were unique to ESCMNs and 50 to iPSCMNs (Fig. 1B) .
To determine whether the same proteins in ESCMNs and iPSCMNs are expressed at similar levels, we integrated the intensity of each peptide and then averaged the peptides for any given protein to provide a fold change, defined here as the protein expression from the iPSCMNs divided by the intensity in the ESCMNs. Based on the variability measured, a p-value was also calculated, as shown in Figure 1C . We detected 28 proteins upregulated in iPSCMNs and 87 downregulated proteins (Tables 1,  2 , respectively). Therefore, of the original number of proteins identified, Ͻ4% met our criteria for being differentially regulated (i.e., a ln expression ratio Ͼ0.7 or ϽϪ0.7 in Fig. 1C) . Interestingly, the degree of differential regulation was also modest, with the average fold change for the upregulated and downregulated proteins being 2.4 and Ϫ2.5, respectively (Tables 1, 2) .
Finally, we focused on several transcription factors known to be involved in neuron and/or motoneuron differentiation (Alaynick et al., 2011; Son et al., 2011) . Although we focused on a number of transcription factors, including Olig2, Nkx6.1, Nkx6.2, Ngn1, Ngn2, Lhx3, Hb9, Isl1, Isl2, Lmo4, Lhx1, FoxP1, Ascl1, Myt1l, and Brn2, we only detected Myt1l in our dataset. Nine unique peptides were identified for Mytl1, so it was conclusively identified. Myt1l was not differentially regulated between the two samples (ratio of 1.1, p-value ϭ 0.5). Together, these results indicate that ESCMNs and iPSCMNs contain similar proteins at comparable levels of expression. The few proteins that were differentially expressed are not directly involved in motoneuron differentiation.
iPSCs preferentially differentiate into Lhx3
؉ motoneurons when treated with RA and SAG Previous studies showed that mouse ESCs treated with SAG and RA preferentially differentiate into a specific subpopulation of motoneurons expressing the LIM homeoprotein Lhx3 (Soundararajan et al., 2006; Soundararajan et al., 2007; Soundararajan et al., 2010) . Lhx3
ϩ motoneurons reside in the medial aspect of the medial motor column and innervate epaxial muscles lining the vertebral column (Tsuchida et al., 1994) . To determine whether iPSCs differentiate into the same motoneuron subset, we plated dissociated embryoid bodies containing eGFP ϩ iPSCMNs onto a Matrigel substrate and cultured them for an additional 2 d. The cells were then fixed and immunostained for LIM homeodomain proteins Lhx3 or Lhx1, the latter being a marker of motoneurons innervating the dorsal muscle mass in limbs (Tsuchida et al., 1994 ; Fig.  2 A, B) . As observed with ESCMNs (Soundararajan et al., 2006; Soundararajan et al., 2007; Soundararajan et al., 2010) , we found that the vast majority of the eGFP ϩ iPSCMNs were Lhx3 ϩ (82 Ϯ 3.7%, n ϭ 3), whereas only 13 Ϯ 1.4% (n ϭ 3) expressed Lhx1 (Fig. 2C) . These results suggest that the process of motoneurogenesis using SAG and RA is similar between iPS and ESCs.
iPSCMNs project axons to peripheral targets appropriate for Lhx3 ؉ motoneurons when transplanted into the developing chick spinal cord In the spinal cord, Lhx3
ϩ motoneurons reside in the medial aspect of the medial motor column (Sharma et al., 1998) . In the periphery, their axons selectively project to epaxial muscles lining the vertebral column (Tosney and Landmesser, 1985) . This selective guidance of axons is orchestrated, at least in part, by intracellular signaling pathways that are activated downstream of Lhx3 expression (Sharma et al., 2000; Soundararajan et al., 2010) . As a result, mouse Lhx3 ϩ ESCMNs selectively-and correctlyextend axons to epaxial muscles when transplanted into the neural tube of developing chick embryos at the time of motoneurogenesis (Soundararajan et al., 2006; Soundararajan et al., 2007; Soundararajan et al., 2010; i.e., HH St. 17) . To determine whether similar guidance mechanisms direct the growth of axons from motoneurons derived from iPSCs, we transplanted eGFP ϩ iPSCMNs into the neural tube of HH St. 17 chick embryos (n ϭ 7). The embryos were killed 5 d later, fixed, sectioned, and processed for Tuj1 and eGFP immunohistochemistry to visualize chick and transplanted neurons, respectively. Figure 3 shows a representative pattern of axonal growth from one transplanted embryo. eGFP ϩ axons extended out of the chick spinal cord via the ventral root (Fig. 3 A, D, short arrow) around the dorsal root ganglia (DRG; Fig. 3 A, D, arrow) to inner- vate epaxial muscles, the appropriate target for Lhx3 ϩ motoneurons (Fig. 3 B, D , white arrowhead). However, consistent with the transplants containing a small proportion of Lhx1 ϩ iPSCMNs (see above), a few eGFP ϩ axons projected into the developing hindlimb bud (Fig. 3C,D , yellow arrowhead), an appropriate target for Lhx1 ϩ motoneurons. To estimate the relative number of eGFP ϩ axons projecting to the epaxial muscles and limb buds, we created Neurolucida reconstructions of the axonal projection patterns from each coronal section taken from three transplanted embryos. We then measured the width of the projections and found that 4.5 Ϯ 2.0 times as many eGFP ϩ axons projected to the epaxial muscles compared with the limb. This number is close to the expected distribution of axonal projections based on the relative number of Lhx3 ϩ to Lhx1 ϩ iPSCMNs in the transplants (i.e., the grafts contain ϳ6.2 times as many Lhx3 ϩ motoneurons as Lhx1 ϩ neurons; Fig. 2C ). Therefore, the pattern of axonal growth accurately reflects the phenotypic identity of the transplanted iPSCMNs and that iPSCMNs use the same axonal guidance mechanisms as their endogenous Lhx3 ϩ and Lhx1 ϩ counterparts.
iPSCMNs form functional NMJs in vitro
Previous studies showed that ESCMNs form functional connections with muscle fibers in vitro (Miles et al., 2004; Soundararajan et al., 2007) . To determine whether iPSCMNs have the same capacity, we first performed immunocytochemical analysis of presynaptic and postsynaptic structures associated with neurotransmission at the NMJ using cocultures containing eGFP ϩ iPSCMNs and chick myofibers (Miles et al., 2004) . In the first week after plating, numerous eGFP ϩ neurites were observed to extend radially from spherical clusters of iPSCMNs along individual chick myofibers (Fig. 4A ). In addition, discrete, oval, plaque-like clusters of ␣-btx ϩ AChRs were observed around the neurites (Fig.  4B-F ) . This pattern of clustering closely resembles normal in vivo development where AChRs first cluster near, but not always in direct contact with, innervating motor axons (Lupa and Hall, 1989; Dahm and Landmesser, 1991) . The oval shape and sizes of the plaques (41 Ϯ 24 m 2 ; n ϭ 60, 20 plaques measured in each of 3 separate cocultures) were similar to AChR clusters found on developing muscles fibers in ovo during the first week of motoneuron innervation (i.e., E9; Phillips , 1985) . iPSCMNs continued to maintain the eGFP ϩ neurites after 4 weeks in vitro (Fig. 4G) ; however, at that point, the individual clusters of ␣-btx ϩ AChRs at the end of eGFP ϩ neurites formed structures resembling mature NMJs (Fig.  4 H, I ). Higher magnification showed that ␣-btx ϩ AChR clusters were more complex, pretzel-shaped structures (Fig.  4 J, K ) . These endplates were also significantly larger than AChR clusters (plaques) present during the first week in culture (95 Ϯ 37 m 2 , n ϭ 60, 20 endplates measured in 3 separate cocultures, p Ͻ 0.001, Mann-Whitney rank-sum test). This change in morphology is similar to what occurs in vivo as the NMJs mature postnatally (Slater, 1982; Balice-Gordon et al., 1993) . By the fifth week in culture, SV2 ϩ puncta were enriched at the ␣-btx ϩ AChR rich endplates relative to the axonal shaft (Fig. 4L,M) . Together, this suggests that the eGFP ϩ neurites extend from the iPSCMNs and make appropriate synaptic connections with chick myotubes.
We next investigated whether synaptic vesicles actively cycle at the endplate to determine whether the NMJs were functional by incubating 4-week-old iPSCMN-myofiber cocultures with FM4-64 (Betz and Bewick, 1992; Gaffield and Betz, 2006) . FM dyes are widely used to image synaptic vesicle cycling at the NMJ because the dye is readily taken up from the extracellular medium into endocytosed vesicles that have fused with the plasma membrane during nerve stimulation. Once the dye is trapped inside a vesicle, it can only escape from the NMJ by subsequent exocytosis of the vesicle (Gaffield and Betz, 2006) . Consistent with the formation of functional synapses, we found that FM4-64 was readily taken up into cycling vesicles at presynaptic terminals using 50 Hz field electrical stimulation (1 s train of pulses, every 2 s for 5 minutes; Fig. 5A-D) . As expected, the vast majority of the FM4-64 puncta (Fig. 5A,D) were adjacent to ␣-btx ϩ AChRs (Fig. 5C,D) . We then performed intracellular sharp electrode recordings from NMJs labeled with a rhodamine-conjugated AChR antibody. Endplates chosen for recordings (n ϭ 22; in 12-to 27-d-old cocultures) had mature morphologies (i.e., pretzel-shaped distribution of AChRs) and were contacted by a single eGFP ϩ axon (Fig. 6 A, B) . (Fig. 6D) . These results indicate that the smaller EPPs were miniature EPPs (mEPPs), whereas the larger EPPs resulted from evoked neurotransmitter release induced by action potentials in the motoneuron. As expected, all EPPs were blocked shortly after bath application of 100 -300 M D-tubocurarine ( Fig. 6E; n ϭ 3) , indicating that the EPPs were due to nicotinic neurotransmission. Together, these results indicate that iPSCMNs form functional NMJs similar to endogenous motoneurons and their ESCMN counterparts.
iPSCMNs develop appropriate passive membrane and firing properties
Motoneurons in the spinal cord undergo significant physiological changes during early postnatal development (Fulton and Walton, 1986; Gao and Ziskind-Conhaim, 1998; Nakanishi and Whelan, 2010) . For example, input resistance decreases but whole-cell capacitance increases during the first 2 weeks of postnatal life. These changes in passive membrane properties reflect an overall increase in cell size and alteration in channel properties, both of which set the threshold for motoneuron excitability (Pinter et al., 1983; Fulton and Walton, 1986; Gao and ZiskindConhaim, 1998) . Setting an appropriate threshold for activation is an essential feature of motoneurons because it ensures proper motoneuron recruitment and force gradation during muscle contraction.
To ascertain whether iPSCMNs develop appropriate passive membrane properties over time, we performed whole-cell patchclamp recordings on iPSCMNs cultured for 1-6 weeks on Matrigel-coated coverslips. We found that membrane input resistance (R m ) decreased between 1-2 and 3-4 weeks (666 Ϯ 574 to 189 Ϯ 105 M⍀; Table 3 ). This decrease in resistance correlated well with the simultaneous increase in membrane capacitance (C m ; 45 Ϯ 27 pF to 121 Ϯ 45; Table 3 ). These changes suggest that the average size and/or membrane area of the iPSCMNs increased over the first few weeks in culture, although significant size variations remained. The resting membrane potential of iPSCMNs, however, remained similar at all time points investigated (Table 3) . These results are similar to those observed in cats and rats, in which input resistance decreases overtime (Fulton and Walton, 1986 ; Xie and Ziskind-Conhaim, 1995; Gao and Ziskind-Conhaim, 1998), whereas the resting membrane potential does not change between late embry- onic and early postnatal time periods (Xie and Ziskind-Conhaim, 1995) .
The probability of generating repetitive action potentials in spinal motoneurons injected with a sustained depolarizing current increases between late embryogenesis and early postnatal life (Fulton and Walton, 1986; Gao and Ziskind-Conhaim, 1998) . This change reflects maturation in channel properties over time. To determine whether channel properties in iPSCMNs mature over time, we applied stepwise injections of depolarizing current to iPSCMNs grown in culture for 1, 2, and 5 weeks. Figure 7 shows that iPSCMNs were able to generate repetitive action potentials at all three time points (Fig. 7A) . However, the amount of current required to evoke repetitive action potentials decreased between 1 and 5 weeks (Fig. 7A ). In addition, the maximum firing rate increased over time in culture (Fig. 7 A, C) such that, by 5 weeks, the average frequency during the late phase of activity (Ͼ250 ms) was 41 Ϯ 10 Hz (n ϭ 3). This firing rate is comparable to the firing patterns of individual motor units in freely walking rats (Hennig and Lømo, 1985) . Finally, the discharge rate of the evoked action potentials decreased overtime during the sustained injection of depolarizing current at all three time points (Fig. 7A,B) . This phenomenon, known as spike-frequency adaptation, is a typical firing pattern of spinal motoneurons (Granit et al., 1963; Kernell and Monster, 1982) .
Action potential duration decreases in motoneurons between late embryonic to early postnatal life (Gao and ZiskindConhaim, 1998) . The same was true for cultured iPSCMNs (Fig. 8 A, B) , in which action potential duration (measured at half-maximal peak amplitude in sweeps in which a single spike was generated) was found to decrease from 5.9 Ϯ 1.6 ms (n ϭ 11) at 1-2 weeks to 2.29 Ϯ 0.43 ms (n ϭ 10) by 5-6 weeks. Furthermore, like embryonic rat motoneurons (Gao and Ziskind-Conhaim, 1998) , only a minority (38%, n ϭ 13) of the recorded iPSCMNs elicited an afterhyperpolarizing potential (AHP) after 1 week in vitro. This percentage increased to 67% after 5-6 weeks in culture (n ϭ 15). Together, these findings suggest that cultured iPSCMNs mature over time and develop passive membrane and firing properties similar to their endogenous counterparts. mal to the medial gastrocnemius (MG) muscle. Reinnervation of muscles other than the MG was prevented by ligating all of the tibial nerve branches distal to the graft site ( Fig. 9A ; see also Yohn et al., 2008) . Figure 9 shows an example of a typical graft containing multiple eGFP ϩ iPSCMNs (Fig. 9Bi) extending neurites along the length of the distal tibial nerve stump (Fig. 9Bii ) 5 weeks after transplantation. To assess synapse formation, we used rhodamine-conjugated ␣-bungarotoxin to label AChRs at the MG motor endplates. Figure 9D shows an example of two eGFP ϩ axons with typical presynaptic morphologies (Fig. 9Di) innervating two BTX ϩ motor endplates (Fig. 9Dii) . These data collectively demonstrate that implanted iPSCMNs survive in a host peripheral nerve, extend axons, and form morphologically appropriate connections with denervated muscle fibers.
To determine whether the contacted endplates formed functional NMJs, we used an ex vivo nerve/muscle preparation to measure contractile force of the reinnervated MG muscles. Isometric twitch and tetanic contractions were elicited by applying single and repetitive electrical pulses (50 Hz for 1 s; 20 s pulse duration) to the distal nerve stump via a suction electrode. Reinnervated muscle forces were compared with both an agematched, unoperated control MG muscle group in which the nerve was left intact and a surgical muscle control group in which the sciatic nerve was cut and ligated to prevent regeneration. The transected tibial nerve stumps of the surgical control group were injected with media alone. As expected, electrical stimulation of the tibial nerve stump in the control animals did not elicit muscle contraction (data not shown). In contrast, nerve/muscle preparations from mice implanted with iPSCMNs 6 weeks previously produced an average twitch force of 51.4 Ϯ 6.5 mN (n ϭ 3) and tetanic force of 147 Ϯ 18 mN (n ϭ 3), respectively (Fig. 9Fi,Fii) . These values are ϳ2/3 that of unoperated age-matched control muscles, which produced twitch and tetanic forces of 80 Ϯ 7 mN (n ϭ 3) and 203 Ϯ 15 mN (n ϭ 3), respectively. Interestingly, the contractile forces of the muscles reinnervated by iPSCMNs, when calculated as a percentage of unoperated control values, were greater than those reported for rat and mouse MG muscles reinnervated by embryonic spinal cord cells (Thomas et al., 2000) or ESCMNs (Yohn et al., 2008) . Although considerable force recovery was observed after implantation of iPSCMNs, twitch force profiles differed between treated and control groups (Fig. 9Ei) . Rise times to peak force were significantly longer in the implanted group (76 Ϯ 12 ms) compared with control (47 Ϯ 5 ms; n ϭ 3 for each group, p ϭ 0.022, t test), and relaxation times (measured as the time taken for the force to decline to half peak force value) were also significantly longer in the implanted group (implanted group ϭ 52 Ϯ 12 ms, control group ϭ 28 Ϯ 8 ms; n ϭ 3 for each group, p ϭ 0.046, t test). As expected from the force recordings, denervation-induced muscle atrophy was attenuated dramatically when the muscles were reinnervated by iPSCMNs (Fig. 9C) . MG muscle diameter of implanted animals was significantly greater than those of surgical controls (control group ϭ 2.94 Ϯ 0.08 mm, implanted group ϭ 2.19 Ϯ 0.05 mm, surgical control group ϭ 0.92 Ϯ 0.05 mm; n ϭ 3 for each group, p Ͻ 0.001, one-way ANOVA, Holm-Sidak method; Fig. 9Gi) . Further, the diameters of individual muscle fibers in the implanted group were significantly greater than those of the surgical control group (control ϭ 34.5 Ϯ 9.4 m, implanted group ϭ 21.6 Ϯ 6.9 m, surgical control group ϭ 14.3 Ϯ 3.9 m; n ϭ 90 fibers, n ϭ 3 animals for each group, p Ͻ 0.001, one-way ANOVA, HolmSidak method; Fig. 9Gii ). Together, these results indicate that iPSCMNs form functional connections with denervated muscles fibers and that this innervation limits denervation atrophy.
Discussion
The present study provides a thorough assessment of iPSCMNs with respect to their capacity to develop into spinal motoneurons. Proteomic analysis revealed that iPSCMNs and ESCMNs have comparable protein expression profiles. The identified proteins in the ESCMNS and iPSCMNs were not only similarly grouped into known GO terms, but the proteins in each group were the same except for 143 binding proteins that were uniquely expressed in ESCMNs or iPSCMNs. These results indicate that the cellular makeup of ESCMNs and iPSCMNs are remarkably similar. In addition, when protein expression levels were compared between the two cell types, we found only 28 proteins to be upregulated and 87 proteins downregulated in iPSCMNs compared with ESCMNs. None of the upregulated or downregulated proteins is known to play a significant role in motoneuron differentiation. The remarkable similarities in protein identification and expression between ESCMNs and iPSCMNs suggest that these two cell types are very similar in nature. It will be interesting nonetheless to pursue whether proteins identified as being differentially regulated can affect motoneuron phenotypes that are more subtle than those used in this study. For example, BetaIVSigma1 spectrin (Sptbn4 in Table 2 ) is concentrated at the nodes of Ranvier in the peripheral nervous system (Berghs et al., 2000) and regulates, at least in part, its size (Lacas-Gervais et al., 2004) . Whether the nodes of Ranvier would differ between iPSCMNs and ESCMNs remains to be determined.
Interestingly, even though we focused on 15 transcription factors involved in neuron and/or motoneuron differentiation, only Myt1l was identified in our dataset. Myt1l was not differentially expressed in ESCMNs and iPSCMNs. The reasons that we did not detect more transcription factors involved in motoneuron differentiation in unclear, but likely reflects the proteomic approach used in this study. Some peptides are better at being ionized and thus are more amenable to identification in a mass spectrometer. Future studies could use a more targeted approach using multiple reaction monitoring analysis to identify all known transcription factors involved. Despite this limitation, the present study indicates that the protein compositions of motoneurons derived from ESCs and iPSCs are remarkably similar.
Axonal trajectories of iPSCMNs are appropriate for their LIM homeodomain expression pattern
Similarities in LIM homeodomain protein expression between ESCMNs and iPSCMNs suggest that they undergo similar developmental programs when cultured in the presence of SAG and RA. The vast majority of ESCMNs (Soundararajan et al., 2006) and iPSCMNs were immunopositive for the Lhx3 (Fig. 2) , a LIM homeodomain protein expressed by motoneurons in the medial aspect of the medial motor column (Sharma et al., 1998) when transplanted into the neural tube of developing chick embryos at the time of motoneurogenesis. The majority of iPSCMNs projected axons out of the ventral root and then dorsally around the DRG to the epaxial muscles along nerve pathways taken by developing chick Lhx3 ϩ motoneurons (Fig. 3) . Far fewer axons targeted limb musculature. These results suggest that iPSCMNs express guidance factors necessary for this targeting, such as EphA4 (expressed by both Lhx1 ϩ motoneurons that innervate the dorsal limb muscle mass as well as Lhx3 ϩ motoneurons that innervate epaxial muscles) and FGFR1 (expressed by Lhx3 ϩ motoneurons). Both molecules are known to be required for proper guidance of developing Lhx3 ϩ motoneurons (Helmbacher et al., 2000; Shirasaki et al., 2006; Soundararajan et al., 2010) .
iPSCMNs form functional NMJs in vitro
Previous studies have shown that iPSCMNs contact myotubes formed from muscle cell lines (i.e., C2C12 cells) and extend neurites in close vicinity to AChR clusters (Hu and Zhang, 2009; Mitne-Neto et al., 2011) . The present study extends these findings to show that iPSCMNs form stable NMJs with anatomical and physiological features typical of mature endplates when cocultured with chick myotubes for several weeks. Anatomically, iPSCMNs initially formed endplates that were plaque shaped (Fig. 4E ) but later became characteristically pretzel shaped (Fig.  4K ). This transition in endplate appearance normally occurs during the first postnatal weeks in mice and likely involves bidrectional signaling between motoneurons and muscle fibers (Balice-Gordon et al., 1993; Bolliger et al., 2010) . Our SV2 immunolabeling (Fig. 4L) and FM dye studies (Fig. 5) indicated that iPSMNCs correctly localized synaptic vesicles at endplates, where they cycled appropriately in response to neural stimulation (Betz and Bewick, 1992; Ribchester et al., 1994) . Furthermore, we showed that EPPs and TTX-insensitive mEPPs were present at NMJs formed by iPSCMNs in vitro (Fig. 6) , indicating that the junctions were functional and capable of inducing depolarization in postsynaptic myofibers. As expected, the largest EPPs were Figure 7 . iPSCMNs develop appropriate motoneuron firing properties. A, Current-clamp recordings of membrane potentials in response to 500 ms current injections measured from iPSCMNs after 1, 2, and 5 weeks in vitro. iPSCMNs were capable of firing repetitive action potentials at all ages, however, the amount current required decreased with age. Values of injected current (from top to bottom trace, respectively) for 1 week were 25, 70, and 110 pA; for 2 weeks, they were 30, 65, and 185 pA; and for 5 weeks, they were 20, 90, and 220 pA. B, Plots of instantaneous firing frequency versus time during a single current pulse shows spike frequency adaptation. C, Plot showing that maximum firing frequency increases with days in culture (i.e., 1, 2, and 5 weeks).
blocked upon bath application of D-tubocararine, indicating that they were induced through cholinergic stimulation (Fischbach and Cohen, 1973) . Together, our results strongly indicate that iPSCMNs develop multiple characteristics of endogenous motoneurons, including the acquisition of appropriate synaptic machinery for neurotransmission and nerve-derived signals (McMahan, 1990; Bezakova and Ruegg, 2003 ; presumably agrin) that form, stabilize, and mature the NMJ throughout development.
Passive membrane and firing properties of iPSCMNs
The present work extends upon previous electrophysiological studies on iPSCMNs (Karumbayaram et al., 2009; Hu et al., 2010; Bilican et al., 2012; Egawa et al., 2012; by characterizing passive and active membrane properties for several weeks after differentiation. Trends in maturation of passive membrane properties of iPSCMNs resembled those seen in developing motoneurons in vivo (Fulton and Walton, 1986; Gao and Ziskind-Conhaim, 1998; Nakanishi and Whelan, 2010) . Membrane resistance progressively decreased over the first few weeks in culture, concomitant with an increase in membrane capacitance. Both changes occur during normal motoneuron devlopment (Ulfhake and Cullheim, 1988) and are indicative of an overall increase in cell size over time. We also showed that iPSCMNs develop firing properties such as fast-firing action potentials and spike frequency adaptation in response to injections of depolarizing current (Fig. 7) . Both firing properties are signatures of endogenous motoneurons (Granit et al., 1963; Kernell and Monster, 1982) and ESCMNs (Miles et al., 2004) . In addition, an increasing proportion of motoneurons developed AHPs (38 -67%) typical of endogenous motoneurons (Fulton and Walton, 1986 ) 1 week after plating. Together, these results suggest that iPSCMNs acquire voltage-gated channel properties characteristics of normal spinal motoneurons. The few differences observed between iPSCMNs and endogenous motoneurons (i.e., AHPs being absent in 33% of iPSCMNs after 5 weeks in vitro) may be due to intrinsic differences between the two cell types or it could simply reflect differences in growth environment. Further studies will be required to determine whether addition of spinal interneurons, sensory neurons, glial cells, and/or myofibers to the cultures would further the development of iPSCMNs into more mature motoneurons.
Implanted iPSCMNs project axons to target muscle and promote force recovery after injury Denervated murine muscles recover ϳ10% of their original contractile force values when reinnervated by embryonic ventral spinal cord cells transplanted into the peripheral nerve near the muscle/ nerve entry point (Thomas et al., 2000) . Recovery of force is improved if trophic factors are added to the graft at the time of transplant (Grumbles et al., 2009) or if the cells were stimulated for 1 h immediately after transplantation (Grumbles et al., 2013) . ESCMNs also reinnervate denervated muscle fibers, reduce muscle atrophy, and restore contractile force to 40% that of control muscles when transplanted near the MG nerve/muscle entry point in mice (Yohn et al., 2008) . In the present study, iPSCMNs formed anatomically normal NMJs ( Fig. 9D ; see also with previously denervated muscle fibers when transplanted near the mouse MG nerve/muscle entry point. Interestingly, the contractile force of the MG muscles reinnervated by iPSCMNs was ϳ70% that of control values (Fig. 9F ) . Therefore, iPSCMNs are at least as efficient as embryonic spinal neurons (Thomas et al., 2000) and ESCMNs (Yohn et al., 2008) in restoring force to denervated muscles when transplanted into the distal nerve.
As observed for grafted ESCMNs (Yohn et al., 2008) , transplanted iPSCMNs dramatically reduced muscle atrophy associated with denervation (Fig. 9G) . These results indicate that iPSCMNs in the graft were actively inducing muscle fiber contractions by firing action potentials. This assumption is based on previous studies in which marked muscle atrophy was shown to occur in animal models of chronic disuse even when myofibers were stretched passively (Roy et al., 1998) . That is, atrophy is only prevented if the innervated myofibers are actively contracting. Furthermore, the slower rise times of the twitch contractions in muscles reinnervated by iPSCMNs compared with the contralateral control muscles indicates that the transplanted neurons were active for a significant period of time during the day (Kernell et al., 1987) . This supposition is based on the wealth of studies showing that slowing of contractile speed occurs with increased neuromuscular activity (for review, see Gordon and Pattullo, 1993) . It is presently not known why iPSCMNs fire action potentials in the transplants, but it is likely due to mechanical stimulation by surrounding tissue and/or by glutamatergic excitation from additional neurons in the graft that differentiated with the motoneurons before transplantation (Yohn et al., 2008; Chipman et al., 2014) .
iPSCMNs: future considerations
The results in this study further endorse the use of iPSCMNs to study the pathology of motoneuron diseases such as ALS (Bilican et al., 2012; Egawa et al., 2012; Burkhardt et al., 2013; Serio et al., 2013; and spinal muscular atrophy (Corti et al., 2012) . Recent studies using iPSCMNs from ALS patients to screen drugs promoting motoneuron survival have also yielded novel findings that would likely not have been achieved without this technology . However, most studies to date have examined iPSCMN behavior in isolation over short periods Figure 8 . iPSCMNs action potential profiles mature with age. A, Representative spikes at early and late time points after injection of depolarizing current. Note the presence of the afterhyperpolarization in the action potential (AP) generated at the late time point. B, AP duration (measured at half-maximum peak amplitude) significantly decreases as motoneurons mature (KruskalWallis one-way ANOVA on ranks, p Ͻ 0.05 for early (n ϭ 11) versus late (n ϭ 10) and middle (n ϭ 8) versus late. Early, 9 -14 d in culture; middle, 21-29 d in culture; late, 37-43 d in culture. Figure 9 . Implanted iPSCMNs form anatomical connections with host muscle fibers, promote recovery of muscle force, and maintain muscle size after nerve injury. A, Schematic depiction of site of implantation of iPSCMNs with associated axon growth and connectivity to host muscle fibers: (1) iPSCMNs graft site in tibial nerve, (2) ligation distal to transection site, (3) transection and ligation of all nerves except the MG, and (4) presumptive reinnervation of denervated MG endplates. B, eGFP ϩ iPSCMN cell bodies are clearly evident within the graft 5 weeks (Bi) after transplantation, and GFP ϩ axons were also present in the MG nerve at the same timepoint (Bii). C, Photograph showing MG muscles reinnervated by iPSCMNs (iPSCMN implant) were comparable in size to unoperated control muscles (unoperated control) and less atrophied than completely denervated muscles (surgical control) 6 weeks after surgery. D, eGFP ϩ axons (Di) contact ␣-btx labeled AChRs (Dii) in denervated MG muscles 5 weeks after transplantation. Diii is a merged image of Di and Dii. E, MG muscle force profiles elicited by a single electrical pulse (Ei) or by a train of pulses (50 Hz for 1 s; Eii) to control tibial nerves (unoperated control) and nerves implanted with iPSCMNs 5 weeks previously. F, Twitch (Fi) and tentanic of forces (Fii; mean Ϯ SD) of unoperated control, MG muscles reinnervated by implanted iPSCMNs, and completely denervated MG muscles (surgical control) 6 weeks after transplantation. (n ϭ 3 for each group) . G, Mean (ϮSD) diameter of the MG muscles (Gi) and muscle fibers (Gii) described in F. Scale bars: Bi, 50 m; Bii, 100 m; C, 5 mm; Diii, 50 m.
of time or iPSCMNs cocultured with cells within the CNS rather than cells found in the periphery. Because motor axons withdraw from endplates before cell death (Fischer et al., 2004) , future studies should also include long-term iPSCMN/myofiber cocultures. This assertion is underscored by the fact that the onset of symptoms associated with ALS occurs later in life and that neuroprotection alone is insufficient to attenuate disease progression (Gould et al., 2006) . Finally, the finding that iPSCMNs remain functional several weeks after transplantation lends support to their use in cell-replacement therapies designed to restore function to permanently denervated muscles after injury. However, additional preclinical studies must be performed to determine how iPSCMNs interact with host cells over an extended period of time and whether nondifferentiated cells in the graft pose any long-term threats to the recipient.
